The alterations in lung function and breathing pattern were examined in 6 quadriplegics at 3, 6 and > 12 months post injury, and were compared to 6 able bodied controls. Subjects were studied in both the seated and supine positions. Functional residual capacity (FRC) , forced vital capacity (FVC) , inspiratory capacity (IC), and maximum mouth pressure (Pimax) at FRC were measured. Total lung capacity (TLC) and residual volume (RV) were calculated. Resting breathing pattern was assessed for 20 minutes from a spirogram derived from summed rib cage and abdominal strain gauge signals. At 3 months in quadriple gics, TLC was reduced (p < 0.05), RV increased (p < 0. 01) and FRC was normal in sitting; in supine, only TLC was reduced (p < 0. 05); Pimax was decreased (p < 0. 01) in both positions in quadriplegics at 3 months, but increased over the first year in the seated position (p < 0.01). There were no alterations in breathing pattern at any time interval in quadriplegics in supine. In contrast, at 3 months post injury in sitting, expiratory time (Te) was shortened (p < 0.05), tidal volume (Vt) was decreased, and heart rate elevated as compared to controls (p < 0. 05). Inspiratory time (Ti) was not significantly shortened at 3 months in quadriplegics, but a lengthening of Ti occurred between 3 and 6 months (p < 0. 025) resulting in increased Vt, and heart rate decreased to normal. Vt/Ti was reduced, and did not alter with time. The lengthening of Ti/Ttot observed in supine in control subjects (p < 0.025), was not observed in quadriplegics. Quadriplegics sighed as frequently in supine as did controls at all stages post injury, whereas they decreased sighing frequency in sitting at 3 and 6 months post injury (p < 0.05). The improvement in resting breathing pattern observed in quadriplegics in sitting with time, may be due to increased accessory muscle function, improved chest wall stability and thoraco abdominal coupling, or a combination of these factors. It is also possible that the alterations in breathing pattern were a response to cardiovascular adjust ments occurring in the same time frame. Quadriplegics retain the sigh reflex, but do not take as many big breaths in sitting as they do in supine, probably due to the increased work of breathing in the seated posture.
Introduction
Part of a comprehensive rehabilitation pro gram with quadriplegic patients is directed at improving respiratory function. To evalu ate the effectiveness of interventions de signed to maximize breathing, it is impor tant to have a clear understanding of the changes in lung function and breathing pattern with time post injury; and the effect position changes have on these parameters.
Alterations in lung mechanics with quad riplegics in both acute and chronic stages, and alterations with changes in position have been extensively investigated. [1] [2] [3] [4] [5] [6] [7] [8] [9] It has been clearly demonstrated that forced vital capacity (FVC) , inspiratory capacity (IC), and maximum inspiratory mouth pressure (Pimax) improve with time following cer vical cord injury. 8. 10 -12 There is less information on the changes in breathing pattern that occur with time; or the effects of alterations in posture on breathing pattern in quadriplegia. Earlier studies have assessed breathing pattern by measurement of tidal volume (Vt) and frequency (F). [13] [14] [15] The results are conflict ing. It has been sugjested that quadriplegics breathe shallowly, 1 and that frequency is elevated in conjunction with a decreased Vt. 16 Other authors have reported that tidal volume is preserved, and frequency is normal. 14, 15 Many studies have included patients at various stages of their recovery, or have compared different groups of patients. This study was designed to investigate prospec tively the temporal changes in lung function and breathing pattern in both sitting and supine postures in quadriplegics following cervical cord injury; and to compare this data with an able bodied control group. Such a comprehensive profile in the same patients would provide a better baseline from which future evaluation of the benefits of respiratory rehabilitation techniques could be considered.
Methods
Six acute traumatic cervical cord injury male patients (C5-C8), with a mean age of 30 years ± 11 year, and with complete motor loss below the level of their lesion were recruited from the inpatient spinal cord injury unit at the rehabilitation centre. They were studied at 3 months, 6 months and > 12 months post injury (12-18 months post injury), in both the seated and supine positions. The order of the position of study was randomly determined. No quadriplegic subjects wore abdominal support devices. One patient was discharged to a distant rural home before we were able to study him at the 6 month interval in the supine position, and one subject did not complete the supine study at the > 12 months in terval. The data therefore represent 6 quadriplegic subjects for all seated measure ments, but only 5 quadriplegic subjects for the supine data at both 6 months, and> 12 months. Six age (30 years ± 10 years), and sex matched able bodied controls were also studied in both the seated and supine positions for comparison. Informed consent was obtained from all subjects.
Functional residual capacity (FRC) was measured using the nitrogen washout tech nique. Forced vital capacity (FVC) , in spiratory capacity (IC), and forced expira tory volume in one second (FEVl.O) were measured with a portable spirometer (Spiro mate model AS300). This device provided a printed display of the flow volume loop, and a 3 breath average display for establishment of FRC and the measurement of Ie. The accuracy of the volume measurements with this portable spirometer were checked with a calibrating syringe and a less than 3% error in volume measurements was recorded. Total lung capacity (TLC) , and residual volume (RV) were calculated. Maximum inspiratory mouth pressure (Pimax) was measured at FRC using a comparable technique to that described by Black and Hyatt.17 A minimum of 6 measurements were made with each subject at each test interval. If these measurements were within 5% of each other then the average of the 3 highest measurements was recorded as Pimax. If greater variability was observed in the Pimax measurements repe ated measurements were made following a brief rest.
Ventilation and resting breathing pattern were assessed using mercury in rubber strain gauges. The details of this technique have been previously published.16,1 8 The strain gauges were calibrated separately for each position of study and the calibration factors derived in this position were checked at the end of each data collection period to ensure accuracy of this technique. Briefly, 20 minutes of resting breathing pattern were recorded in each position, prior to other ventilatory tests being conducted. Two strain gauges were applied to the chest wall; one around the ribcage one inch below the nipple line, and one to the abdomen, midway between the xiphoid and the umbi licus. During calibration, the subjects wore nose clips and breathed through a pneumo tachygraph for a period of one minute. Multiple linear regression analysis was used to compare the known volume source with the summed ribcage and abdominal strain gauge signals. The stability of the calibra tion factors was verified at the end of each study, prior to a change in position, when the subject again breathed through the pneumotachygraph for one minute, and the best fit equation used in calibration was applied to the data. Calibration, and verifi cations were accepted with strain gauge predicted volumes varying less than 10% from pneumotachygraph measured volumes. A single lead electrocardiogram (modified V5 position) was employed to measure resting heart rate, and to ensure that the subject remained in a steady state through out the 20 minute recording period. Subjects watched a videotape to distract them from the monitoring devices. As well, subjects were indirectly observed throughout the recording of strain gauge signals, and move ment artifacts were identified on the chart recording.
The best fit calibration equation was then used to recreate a spirogram from the summed RC and ABD signals. The spiro gram was analyzed with a computer assisted program. Movement artifacts were removed from the computer file prior to the analysis of the timing components of the spirogram. The peak (end of inspiration), and trough (beginning of the next inspiration), were identified manually on the computer gener ated spirogram with the assistance of an x-y plotter. These values were stored and used to calculate inspiratory time (Ti), expiratory time (Te) , and tidal volume (Vt). The remaining timing components were derived from these values. The mean, standard deviation, standard error of the estimate, and coefficient of variation were calculated for each timing variable. Breaths greater than 2 and 3 times mean tidal volume were determined from a computer histogram program.
The data was analyzed using paired t-tests to assess changes between 3 months and 6 months, and between 6 months and > 12 months for each variable, in each position. The data was also subjected to analysis of variance to compare 3, 6 and > 12 months values for each position. Tukey's test was then applied to determine significant differ ences.
Results
The pulmonary function data for controls and quadriplegic subjects at 3, 6, and > 12 months post injury, in both the seated and supine positions are summarized in Figure  1 . The decrease in FRC observed in controls on assuming the supine position was simi larly observed in quadriplegics (p < 0.005). TLC was decreased at 3 months (p < 0.05) in sitting and supine in quadriplegics as compared to able bodied subjects, and remained unchanged during the first year. Small but significant decreases in TLC were observed when quadriplegics altered pos ture from sitting to supine at both 3 months (p < 0.05), and > 12 months post injury (p < 0.01). In contrast, TLC did not alter with position change in controls. RV was significantly elevated in quadriplegics in the seated position at 3 months (p < 0.01), and remained elevated at > 12 months post injury. In contrast, there was no significant differences in RV between quadriplegics and controls in supine. Large inter-subject variability in supine RV measurements were observed in the quadriplegic group (Fig 1) .
FVC, IC, Pimax. were reduced at all temporal stages post injury in both sitting and supine with quadriplegics as compared to controls (p < 0.01). All 3 variables in creased significantly in sitting between 3 and 6 months post injury (p < 0.01). In the seated position, FVC, and PiMax increased further at > 12 months post injury (p < 0.05), while IC did not improve be yond 6 months. In supine, FVC increased between 3 and 6 months (p < 0.005), but Pimax and IC did not increase beyond 3 months.
Mean resting heart rates have been in cluded in Table 1 . Heart rate was signifi cantly elevated in quadriplegics in sitting at 3 months post injury (p < 0.01). Mean heart rate of the quadriplegic group in the seated posture decreased between 3 and 6 months (p < 0.005). In contrast, there were no differences in resting heart rate between quadriplegics and controls in supine at any time interval.
Resting breathing pattern was altered in the seated position in quadriplegics early post injury as compared to controls (Table  1 ). In contrast, there were no significant differences in any of the timing components of breathing between quadriplegics, at any stage post injury, and able bodied controls in the supine position.
In the seated position, Te was shortened (p < 0.05), and therefore frequency in creased (p < 0.05), at 3 months post injury in quadriplegics as compared to controls. Te lengthened between 3 and 6 months in sitting (p < 0.005), accounting for the de creased frequency observed in quadriplegics at 6 months (p < 0.005).
Te also lengthened with a change in position from sitting to supine at 3 months post injury (p < 0.01), resulting in a lower frequency of breathing in supine (p < 0.01). No alterations in Te were observed with position changes in quadriplegics beyond the 3 month interval.
The changes in Ti were less consistent. Ti was shortened to less than 1 second in 3 of the 6 quadriplegics at 3 months post injury, with a corresponding large decrease in Vt. The other 3 subjects had values for Ti and Vt which overlapped with those of normal individuals, resulting in no significant de crease in Ti or Vt being observed for the quadriplegic group as compared to controls. There was no correlation between lesion level and the decreased Ti observed. Ti increased significantly between 3 and 6 months post injury in the seated posture in all quadriplegics regardless of the initial Ti values observed at 3 months (p < 0.025). Ti also lengthened in the supine posture as compared to sitting at 3 months (p < 0.05).
Tidal volume remained unchanged with time post injury in both positions in the quadriplegic subjects. No significant differ ences in Vt were observed with position change in either the quadriplegics or con trols. Mean minute ventilation (Ve) was maintained in all quadriplegics at all time intervals, in both sitting and supine postures as compared to controls. There was a significant increase in Ve in sitting as com pared to supine at 3 months post injury (p < 0.025). This was due primarily to the increased frequency observed in the seated posture at this time. There were no significant differences in Vt/Ti at any time interval, between quadri plegics and controls in sitting, or supine postures. At 3 months, Vt/Ti increased in sitting as compared to supine in the quadri plegic group (p < 0.05).
Ti/Ttot lengthened in controls in the supine posture as compared to sitting (p < 0.025), whereas in quadriplegics no changes in Ti/Ttot were observed with position change or passage of time. Varia bility of breathing was assessed by compar ing the coefficients of variation for each timing component of the spirogram between the seated and supine postures, and be tween the quadriplegics and controls at all time intervals. No differences in variability were observed.
None of the alterations in breathing pat tern observed between sitting and supine at 3 months post injury with the quadriplegic subjects were observed at 6 months, or > 12 months post injury. Figure 2 compares the mean alterations in the resting spirogram in the seated position between quadriplegics at 3, 6, and > 12 months and controls.
Sighing frequency is summarized in Figure 3 . In the seated position, all controls had breaths > 2x mean Vt during the 20 minute study (range of 1-7 breaths each), and 2 subjects had breaths > 3x mean Vt (range 2-3 breaths). In contrast, at 3 months post injury only the C8 quadriplegic had any breaths > 2x or > 3x mean Vt in sitting, and this subject had only one breath > 3x mean Vt. Sighing frequency in qua driplegics was increased in supine as com pared to sitting at both 3, and 6 months post injury (p < 0.05). In contrast, there were no differences in sighing frequency with posi tion change in controls.
Discussion
The results indicate that the seated position imposes a greater stress on the cardiovas cular and respiratory systems early post injury in quadriplegics, than is observed in the supine position. Breathing pattern ad justments are required to maintain minute ventilation in acute quadriplegics in sitting.
With the passage of time, breathing pattern improved in the seated position, and the differences observed between the seated and supine postures in quadriplegics became insignificant. In contrast to the changes observed in sittting, breathing pattern in quadriplegics at all stages post injury in the supine posture was comparable to controls. The lung volume changes resulting from paralysis of the intercostal, and abdomi nal muscles in cervical cord injured persons re f orted by previous investiga tors,I . 2,4,5,8,1 ,19,20 are confirmed in this study.
It has been suggested that increased accessory respiratory muscle strength con tributes to the increased Ie and Pimax observed with time. 8 However, if this were the only factor contributing to the increased Pimax, one would expect to observe similar increases in Pimax in supine. We observed no significant increases in Pimax in supine beyond 3 months post injury.
Improvement in pulmonary function with time post injury, has also been attributed to increased stability of the ribcage and abdo minal wall due to the development of spasticity,9.11 as well as increased abdominal compliance,21 and improved thoraco-abdo minal coupling with time.9,21 Factors which improve thorax stabilization could also ac count for the increased Pimax observed in sitting. Quadriplegics may learn to utilize intact neck and shoulder girdle muscles to better mechanical advantage with time, resulting in better fixation of the thorax, and increased Pimax measurements in the sea ted posture.
The major alterations in the timing com ponents of ventilation occurred between 3 and 6 months post injury in the seated posture (Table 1 ). In contrast, breathing pattern in the supine position remained comparable to able bodied controls at all temporal stages following cervical spinal cord injury.
Vt/Ti was consistently lower in the seated position in quadriplegics at all stages post injury as compared to controls, although these differences were not significant with this small sample (Fig 2) . Like other pati ents with restrictive lung disorders such as pulmonary fibrosis who increase Vt/Ti above normal values of maintain Vt,22,23 quadriplegics appear to elevate Vt/Ti in the seated position (Table 1) . Vt/Ti was signifi cantly elevated in sitting as compared to supine, at 3 months (p < 0.05). However, unlike able bodied subjects,24 or persons with other restrictive disorders, quadriple gics appear to be unable to increase Vt/Ti sufficiently to maintain Vt. This is not surprising, given the added mechanical dis advantage for the ventilatory muscles in the seated position due to paralysis of the intercostal and abdominal muscles,13 and the effects of gravity. 9 Thoraco-abdominal distortion, which greatly adds to the work of breathing in quadriplegics, is also particu larly apparent early post injury. 7 It has been observed that respiratory muscle weakness alone does not result in a decreased V t/Ti. 25 Diminished sensory feedback in quadriplegics due to paralysis of most of the extra-diaphragmatic muscles has been suggested as a reason for the smaller observed increase in diaphragmatic activa tion in the seated posture in quadriplegics as compared to normal subjects. 26 FRC in quadriplegics is comparable to that observed in able bodied controls at all stages of recovery in sitting and supine, so that alterations in resting diaphragm length are less likely to account for the adjustments in breathing pattern observed. 8 We were unable to identify any factor which may account for the fact that some quadriplegics shortened Ti and, coupled with an inability to markedly increase Vt/Ti, adopted a very rapid, shallow breathing pattern early post injury. Other quadriple gics maintained a relatively normal Ti and, therefore, Vt. There were no significant correlations between the timing components of the spirogram, and any of the other lung function parameters that we measured. Clinically all subjects had complete motor and sensory loss below the lesion levels, but it is possible that a more extensive electro physiological evaluation of sensory impair ment may have uncovered differences be tween the quadriplegics. There may also
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have been other mechanical differences between our quadriplegic subjects which we did not measure. Earlier stabilization of the chest wall, and improved thoraco-abdo minal coupling post injury may be apparent in some quadriplegics, and account for the discrepancies in breathing pattern observed. However, it is also possible that the rapid shallow breathing pattern observed in the seated posture at 3 months post injury may originate, at least in part, from receptor inputs from the cardiovascular system. 2 7, 28 We observed a marked increase in resting heart rate in quadriplegics in the seated position at 3 months, as compared to su pine. While we did not assess blood pressure during the study it has been well docu mented that postural hypotension is com mon in quadriplegics, and that blood press ure is lowered in the seated posture as compared to supine in quadriplegics. 2 7, 28 The observed postural hypotension in quad riplegics with tilting is accompanied by an elevated heart rate.2 8 Vena cava occlusion in supine dogs has been shown to increase frequency of breathing.29 As well, acute hypertension experiments with cats have demonstrated the effects of altered peri pheral baroreceptor inputs on ventilatory control. 30 -32 A lengthening of Te,30 a drop in Vt and prolongation of Ti,31 and a slowing of heart rate30 have been observed. These observations would support the hypo thesis that the hypotension may have con tributed to the alterations in the timing components of the spirogram observed in quadriplegics at 3 months post injury. We observed a decreased Te and a shortened or unchanged Ti, and accompanying increased heart rate in quadriplegics at 3 months. Adaptation of the cardiovascular system with time post injury, probably accounts for the decreased heart rate observed by 6 months. This decreased heart rate response coincides with the improvement in timing of ventilation in the seated position. Such a hypothesis would also account for the fact that the alterations in breathing pattern observed in the seated posture at 3 months were not present in the supine posture where the cardiovascular effects in quadri plegia would be minimized.
The (Fig 2) .
Within the first year, quadriplegics appear to lengthen Ti in sitting rather than increase mean inspiratory flow (Vt/fi) in an attempt to increase Vt. While Ti/ftot in the quadriplegics was not significantly different from normals in this study, 2 quadriplegics had Ti/ftot > 0.400 while no normal control had a Ti/ Ttot > 0.385 in the seated posture. In an earlier larger study of chronic quadriplegics 8 of 14 subjects had Ti/ftot in excess of 0. 400.33 It has been suggested that pro longed Ti/ftot may predispose the ventilat ory muscles to fatigue. 34 There is, however, no evidence that prolonged Ti/ Ttot result in ventilatory muscle fatigue in quadriplegics. In support of the suggestion that inspiratory muscle impairment may account for a lengthening of Ti/ftot is the observation that Ti/ftot decreased signifi cantly with increases in Pimax with quadri plegics. 16 The increased Ti/ftot in normal subjects in supine as compared to sitting was not observed in the quadriplegics at 3 months. 26 It appears that quadriplegics retain the ability to sigh, and sigh as frequently as able bodied persons in the supine posture. A previous report,15 suggested that quadriple gics sighed less frequently than normal subjects. However, this study compared quadriplegics in the supine posture to normal subjects in sitting which may account for the differences between their results and ours. It appears that normal subjects sigh more frequently in sitting than in supine, while the reverse is true for quadriplegics (Fig 3) . The decreased sighing frequency observed in quadriplegics in the seated position, particularly early post injury, may reflect the increased work of breathing required to distort the thorax during a large breath in that position.7,9 Quadriplegics have intact vagi which would rule out a lack of vagal afferents in initiating a sigh in the seated posture. 15 Perhaps taking big breaths in sitting is simply too costly in terms of energy expenditure and therefore quadrip legics do not sigh as frequently or with breaths of as great amplitude in sitting. There appears to be an increase in the frequency of sighing in the seated posture wi th the passage of time (Fig 3) .
Conclusion
Quadriplegics have significantly impaired ventilatory lung function, and altered breathing patterns in sitting early post in jury. Although breathing pattern improves with time in the seated posture, many quadriplegics retain a more rapid, shallow breathing pattern in the chronic phase. 16.33 Quadriplegics retain the ability to sigh, but sigh less frequently in the seated position during the first 6 months post injury.
Improvement in breathing pattern in sit ting between 3 and 6 months post injury coincides with the decreased heart rate observed in the same time frame. Whether such alterations in breathing pattern are secondary to either acute or chronic hypo tension, or due primarily to mechanical changes in the lungs and chest wall remains unclear.
